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In physical systems, decoherence can arise from both dissipative and dephasing processes. In
mechanical resonators, the driven frequency response measures a combination of both, while time
domain techniques such as ringdown measurements can separate the two. Here, we report the first
observation of the mechanical ringdown of a carbon nanotube mechanical resonator. Comparing
the mechanical quality factor obtained from frequency- and time-domain measurements, we find a
spectral quality factor four times smaller than that measured in ringdown, demonstrating dephasing-
induced decoherence of the nanomechanical motion. This decoherence is seen to arise at high driving
amplitudes, pointing to a non-linear dephasing mechanism. Our results highlight the importance
of time-domain techniques for understanding dissipation in nano-mechanical resonators, and the
relevance of decoherence mechanisms in nanotube mechanics.
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2Decoherence in mechanical resonators corresponds to
a loss of phase information of the oscillations in position,
similar to decoherence in quantum systems due to the loss
of phase information of a superposition state. In contrast,
dissipation in a mechanical oscillator or quantum system
corresponds to a loss of energy over time1–3. The distinc-
tion between decoherence and dissipation is often over-
looked when studying the quality factor of a mechanical
resonator. The mechanical response is typically charac-
terised by a quality factor Q, which is measured from
either a spectral response or by a ringdown measure-
ment. In a spectral response measurement, the driving
frequency of the resonator is swept and the steady-state
oscillation amplitude is measured. From the width of the
response peak, a quality factor is extracted. In a ring-
down measurement, a quality factor is determined by the
envelope of the transient of the resonator after a driving
force is switched off.
Despite the fact that they are both given the same
symbol Q, the quality factor as obtained from these two
types of measurements are sensitive to different physical
processes. The quality factor measured in the spectral
response, which we will denote here as QS, is sensitive to
both dissipation (energy loss) and pure dephasing (such
as fluctuations of the resonators resonance frequency),
similar to the T2 time in a Ramsey experiment with a
qubit4. The quality factor QR measured in a ringdown
experiment is sensitive only to dissipation (energy loss),
similar to a T1 measurement on a qubit
5. In qubits, it is
well-known that the T1 and T2 can be very different: an
extreme example is a GaAs spin qubit, in which T2 can
be as short as 10 ns, while T1 can be as long as 1 s
6,7.
Decoherence in mechanical resonators has been stud-
ied earlier in a piezoelectric resonator coupled to a super-
conducting circuit8, in atomically thin drum resonators9,
and in the two coupled modes of a vibrating string10.
In these experiments, no pure dephasing was observed
and the coherence of the motion was limited by dissipa-
tion. In experiments with mass sensing11, excess phase
noise was observed that which was attributed to surface
diffusion of molecules12. In comparison to conventional
NEMS, carbon nanotube resonators are very sensitive
to their environment. Due to a low mass and spring
constant, nanotube mechanical resonators show a strong
dispersion with the gate voltage13 are sensitive to the
force of a single electron charge14,15, exhibit strong mode
coupling16,17, and strong nonlinearities18. These strong
coupling effects may give rise to dephasing, making them
an interesting candidate for exploring mechanical deco-
herence.
Furthermore, the low value of the quality factor in
carbon nanotube resonators is not well understood. It
has been proposed that low Q factors could originate
from thermally induced spectral broadening19, clamping
losses20–22, or from symmetry breaking23. Until now,
reports of the quality factor in carbon nanotubes have
been based only on spectral measurements14,18,24. To dis-
tinguish dissipation processes from dephasing, additional
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FIG. 1. Device and measurement setup (a) Colorised
scanning electron microscope image of a typical device, show-
ing a suspended CNT in contact with source and drain elec-
trodes. (b) Schematics of the measurement setup. To mea-
sure the mechanical response, two frequency signal generators
are used: one for the drive and one for the probe signal. The
probe signal fp is detuned by 7 MHz from the drive signal fd.
A RF radio frequency switch is used to turn on and off the
drive signal to the gate using square-wave pulses. A mixing
signal is generated with a mixer at room temperature which
serves as a reference signal for the lock-in amplifier. A second
mixing signal is generated by the CNT, which is impedance-
matched by a High Electron Mobility Transistor (HEMT) and
detected by a lock-in amplifier. The X and Y quadrature out-
puts from the lock-in are recorded in sync with the switch by
an oscilloscope. In the schematic, HP (LP) represent high
(low) pass filters.
measurements, such as a mechanical ringdown, must be
performed.
Here, we use a recently developed fast detection scheme
to measure the ringdown of a carbon nanotube mechan-
ical resonator25. Doing so, we gain access to both the
dissipation and decoherence processes. At low driving
power, we find that QS and QR have the same value,
indicating that dephasing processes are not significant.
At higher driving power however, we find that spectral
response becomes significantly broader, with a drop in
QS by a factor of four while QR remains constant, demon-
strating decoherence from dephasing of the nanotube mo-
tion.
3Results
Description and characterization of the device
A suspended single-walled carbon nanotube (CNT) me-
chanical resonator is fabricated as described previously25.
Briefly (Supplementary Methods), fabrication starts with
an intrinsic silicon wafer, on which a gate electrode is
patterned. On top, a 200 nm thick silicon oxide layer
is deposited, followed by 70 nm thick MoRe source and
drain electrodes. Finally, a CNT is grown across the
500 nm trench that separates the electrodes. The dis-
tance between the gate and the CNT is 270 nm. Figure
1(a) shows a scanning electron microscope (SEM) image
of a typical device. Figure 1b shows the schematic of the
circuit used to measure the conductance of the CNT as
a function of gate voltage (Fig. 2a). The measurements
presented here are performed at 2 K. A high conductance
is observed for negative gate voltages, when the CNT is
doped with holes. When a positive gate voltage is ap-
plied, a low conductance region (small band gap) is fol-
lowed by weak conductance oscillations due to Coulomb
blockade. This overall behaviour is typical for a clean
single CNT in contact with MoRe electrodes26.
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FIG. 2. Device characterisation. (a) Conductance as a
function of gate voltage VGat 2 Kelvin and at VB= 4 mV. For
VG < 0 V the conductance is high while for VG > 0 V the
conductance is low, exhibiting weak Coulomb blockade. (b)
Resonance frequency as a function of gate voltage, showing
that the suspended CNT acts as a gate-tuneable mechanical
resonator.
To find the mechanical resonance and to characterise
its gate dependence, we first measure the nanotube mo-
tion using the rectification technique outlined in Ref.15.
Figure 2b shows the resonant change in DC current ∆I
as a function of frequency fd and VG at VB= 1 mV. The
frequency at which the mechanical signal is detected
increases with gate voltage, characteristic for a carbon
nanotube mechanical resonator13. The approximately
quadratic gate voltage dependence suggests that there is
some slack in the nanotube.
Observation of the mechanical ringdown of a car-
bon nanotube
In figure 3, we measure the response of the mechanical
resonator in the time domain. The schematic of the de-
tection circuit is shown in Fig. 1b. Two signal generators
are used to generate a drive (fd) and a probe (fp) sig-
nal. The amplitude of the drive signal was chosen to be
sufficiently small such that mechanical response does not
exhibit a nonlinear Duffing line-shape. The probe signal
is 7 MHz detuned from the drive frequency and a mixer is
used to generate a 7 MHz reference signal for the lock-in.
The CNT resonator is driven and detected by applying
the drive and probe signals to the gate. The transcon-
ductance of the CNT leads to the mixing of these two
signals (see Supplementary Note 1, 2 and Supplemen-
tary Fig. 1-3). Note that this is slightly different than
conventional two-source mixing where one signal is ap-
plied to the source and the other to the gate: at cryo-
genic temperatures the nonlinear response of the nan-
otube conductance with gate voltage G(VG) allows us to
use a similar mixing-type detection13 with signals applied
only to the gate and a constant DC voltage bias VB= -
5 mV. To impedance-match the signal coming from the
nanotube, a HEMT is located in close proximity to the
CNT, so that the motion can be detected with a band-
width of 62 MHz25. Here we use a high-frequency lock-in
amplifier to detect the signal from the HEMT amplifier,
in which case our readout scheme can detect motion on
µs timescales.
To measure the mechanical ringdown, we use the fol-
lowing pulsed excitation and measurement scheme. A
switch in the circuit controls the drive signal (fd) which is
connected to the gate of device. With the switch on, the
motion of the CNT is excited. When the switch is turned
off, only the probe and an effective gate voltage from the
motion of the carbon nanotube are present. These two
are mixed by the CNT, and the resulting signal is ampli-
fied by the HEMT and detected by the lock-in amplifier.
The envelope of the mechanical ringdown signal is then
detected as a function of time by detecting the output of
the lock-in amplifier with an oscilloscope.
The blue curve in figure 3a shows the transient re-
sponse measured by the lock-in after the CNT resonator
has been driven at resonance (fd= f0). The gate voltage
is fixed at VG= 0.4 V and the drive signal is switched
off at t = 0 µs. To improve the signal-to-noise ratio, the
output quadratures from the lock-in have been averaged
using the oscilloscope, typically 10,000 times. The av-
eraging was done by applying a repeating square-wave
voltage signal to the radio-frequency switch Fig. 1. The
same square-wave is used to trigger the oscilloscope. In
4the data shown, a constant offset from electrical mixing
has been subtracted, and the quadratures have been ro-
tated (Supplementary Note 2 and Supplementary Figs.
4-7) such that the data presented represent the ampli-
tude of the mechanical signal. The rounding of the de-
cay curve around t = 0 is consistent with smoothing on a
short timescale from the lock-in filter response (See Sup-
plementary Note 3 and Supplementary Fig. 8).
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FIG. 3. Time domain response of the CNT motion.
(a) Recorded response of the lock-in amplifier when switch-
ing off the drive signal for an on resonance (blue) and off-
resonance (red) drive frequency. The red curve shows the
mechanical response of the CNT when the drive signal is de-
tuned by ∆f = 70 kHz from the mechanical resonance posi-
tion. An oscillation on top of the ringdown signal (for t > 0)
is visible. The oscillation periodicity matches with P = 1
∆f
.
(b) Colour-scale map of the mechanical ringdown signal as
a function of time and drive frequency. A white contour on
top of the colour-scale map indicates the peak and dip posi-
tions due to the detuning from the fundamental mechanical
resonance frequency. The red and blue markers in (b) the
positions where the line-cuts in a are extracted from.
The red curve in Fig. 3a shows the response when the
drive signal is detuned by ∆f ∼ 70 kHz from the mechan-
ical resonance of the CNT27. In this case the signal does
not just decay but instead oscillates below the relative
zero position, while decreasing in amplitude. This oscil-
lation frequency matches the frequency detuning relative
to the mechanical resonance frequency (∆f = f0 − f).
The origin of these oscillations lies in the behaviour of a
driven mechanical resonator. When driven off-resonance,
the motion oscillates at the driving frequency. However,
when the driving is switched off, the mechanical res-
onator oscillates at its natural frequency. Because the
reference of the lock-in amplifier is referenced by the ini-
tial drive frequency, the output of the lock-in oscillates
at the difference frequency ∆f (see Supplementary Note
2 and Supplementary Fig. 7). The observation of this
oscillation is a clear confirmation that the observed tran-
sients are mechanical in nature.
To further investigate this behaviour, we plot in figure
3b a two-dimensional colour-scale representation of the
measured amplitude as a function of time and drive fre-
quency. While keeping the gate voltage VG= 0.4 V fixed,
we slowly step the drive and probe signal across the
mechanical resonance of the CNT. For each frequency we
record the averaged lock-in output quadratures with the
oscilloscope. On top of the colour-scale map, a contour
map with white dashed lines is shown, to indicate the
positions of the peaks and dips of the ringdown signals
that are recorded off-resonance. The, dashed lines
indicate the expected peak and dip positions with a
periodicity of 1∆f , where ∆f = f0 − fd is the detuning
relative from the mechanical resonance position. As can
be seen from the 2D colour map, the dashed lines follow
the observed peak/dip positions, confirming that the
oscillating ringdown signal is indeed from the mechanical
resonator.
Decoherence and non-linear dephasing of the mo-
tion of a carbon nanotube
To extract the ringdown quality factor QR, we fit the
measured time response of device for resonant driving.
An important detail in the experiment is that the aver-
aging in the oscilloscope is performed on time traces of
the amplitude quadrature. To describe such quadrature-
averaged measurements, we introduce a model that in-
cludes the effects of dephasing and of the filter response
of the lock-in amplifier (see Supplementary Note 3 and
Supplemary Figs 8-10). This model, which is constrained
by the independently observed QS, allows us to extract
QR from the mechanical transient. In Fig. 4, we use
this technique to independently extract the dephasing
and dissipation contributions to the mechanical quality
factor. The upper panels show the spectral response and
the time domain response for a low driving power. Fit-
ting the datasets, we find that both QS and QR are well-
described by a single number (QS= QR ∼ 6250) indicat-
ing that dephasing does not play a role at this driving
power.
In the lower panels, we show the mechanical response
at higher driving powers. At higher driving powers, the
spectral response is still well-described by the line-shape
of an harmonic oscillator (see Supplementary Note 1 and
Supplementary Fig. 1) with no sign of hysteresis, indicat-
ing that the amplitude of the motion is small enough that
nonlinear restoring forces (which would lead to a Duffing
5response) are not significant. Although the response still
fits well to the line-shape of an harmonic oscillator, it
has increased in line-width, now exhibiting a QS ∼ 1410.
In the right panels, we show the simultaneously mea-
sured time-domain response. Remarkably, although the
spectral line-width has increased significantly, the ring-
down response decays on a timescale comparable to the
dataset at a lower power which showed QS ∼ 6250. Fit-
ting the data to the model, we find QR∼ 6140, a value
very similar to that from the lower power dataset. Al-
though increasing the drive power significantly increases
the spectral line-width, the observed value of QR shows
that dissipation is unchanged. The observation of QR
QS demonstrates the importance of dephasing and deco-
herence in the dynamics of the carbon nanotube motion.
We also observe this difference in spectral QS and ring-
down QR at different gate voltages (see Supplementary
Fig. 11)
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FIG. 4. Decoherence of a carbon nanotube mechani-
cal resonator. The gate voltage VG= 0.4 V and the temper-
ature is 1.9 K. The drive power and fitted quality factor are
indicated in the panels. In (a) the probe power is -28 dBm
and the resonance position f0 = 301.6 MHz. In (b) the probe
power is -8 dBm and the resonance position f0 = 299.69 MHz.
The data was fitted by including a slowly varying frequency
dependent electrical mixing signal (dashed line), see Supple-
mentary Note 3 and Supplementary Fig. 9, 10. We estimate
an amplitude of 0.14 nm and 0.7 nm for a and b, respectively
(Supplementary Note 2).
Discussion
In the observations presented here, dephasing appears
with increased amplitude of the mechanical motion, indi-
cating a non-linear dephasing mechanism. We note that
a similar observation of an increasing spectral line-width
with increased driving power was recently reported as an
indication of nonlinear dissipation in graphene resonators
at low temperature18. Our results here show that such
effects in the spectral quality factor QS can also arise
from a power dependent dephasing mechanism, and that
fast time-domain measurements such as those presented
here are able to distinguish between the two.
Having established the presence of non-linear dephas-
ing in our device, it is interesting to consider what mech-
anisms could lead to such an effect. One possible source
is an excess voltage noise on our gate: since the mechan-
ical frequency is gate voltage dependent, noise on the
gate would give rise to random fluctuations in mechani-
cal frequency, which would increase QS through spectral
(inhomogeneous) broadening. From the dispersion of the
mechanical frequency with gate voltage, we estimate that
a gate voltage noise of 45 mV would be needed to produce
the observed spectral broadening. This corresponds to a
gate voltage noise larger than the Coulomb peak spacing
(see Supplementary Fig. 12) . This is significantly higher
than the noise level in our setup, suggesting we can rule
out gate voltage noise as the origin of the observed ef-
fects. Another possibility is effects from the relatively
weak Coulomb blockade in our device, in which a fluctu-
ating force from the tunnelling of single electrons could
dephase the mechanical motion28. Although we did not
observe any strong dependence of QS as the gate voltage
was swept across the weak Coulomb blockade features,
future experiments at lower temperature where Coulomb
blockade effects become more significant could shed light
on this mechanism. A third possible source is dephasing
from coupling to the stochastic motion of other mechani-
cal modes19,29,30. One way in which mode coupling could
explain the amplitude dependent spectral broadening is
through an increased heating of the other modes from
the larger driving. These effects could be explored in
future experiments through detailed temperature depen-
dence studies. In very recent work31, changes in the ther-
momechanical noise spectrum of a carbon nanotube res-
onator were seen in response to non-linear driving forces.
Such increases in the thermomechanical noise (heating)
from large driving amplitudes could also play a role. It
is an interesting question if the effects observed in that
work could play a role in the spectral- and time-domain
mechanical response studied here
In summary, we have used a high-speed readout
technique to measure the mechanical ringdown of a
carbon nanotube. Using this technique, we demon-
strate decoherence of the mechanical motion from an
amplitude-dependent dephasing process. Future studies
of motion in the time domain could potentially identify
the origin of this dephasing and explore dissipation and
decoherence in carbon nanotube motion.
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Supplementary Figure 1: Calculated time and spectral response of a linear resonator with
QR = 10. a The solid red line shows the displacement of the resonator u(t) (Eq. 3). The blue dashed line
shows the continuous-driving force F (t) = cos(ωdt), when driven on resonance. b Phase (φ, top panel),
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Supplementary Figure 2: Ringdown of the displacement of a linear resonator. The resonator
is continuously driven at resonance until t = 0 at which the driving is switched off. From that time onwards
the amplitude of the resonator decays while it is still resonating at its resonance or eigen frequency ω0.
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Supplementary Figure 3: Frequency analysis of the lock-in measurement scheme. The lock-
in detects frequencies near ωref which is chosen to be at 7 MHz. The probe frequency ωp is detuned
by 7 MHz from the drive frequency ωd. The resonance frequency of the resonator (ω0, blue arrow) is
typically 300 MHz.
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Supplementary Figure 4: Vector diagram of the mechanical and electrical signal compo-
sition, a,b The detected signal at the lock-in amplifier is represented as a vector ~C. ~A represents the
electrical signal and decays with the lock-in time constant τL. ~B represents the mechanical signal which
decays with the mechanical ringdown time constant τ .
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Supplementary Figure 5: Schematics showing the decomposition of the driving amplitude
in the presence of a residual driving signal. From left to right: In the presence of a residual driving
signal with a 180o phase shift, the signal drops to a negative offset, after turing the switch off. This can be
decomposed into two components: One is the transient regime, when the driving is switched off, it drops
to zero. The other component is a constant negative offset. For a linear resonator the displacement u(t)
is given by the transient response of an ideal step function summed with the time-independent effective
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Supplementary Figure 6: Signal line shape as a function of phase rotation. The signal was
recorded at a fixed gate voltage VG= 0.4 V and a fixed bias voltage VB = -5 mV. The dashed red curve
is a fit to the data yielding QS = 6192. (The rotation was done using Eq. 34).
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Supplementary Figure 7: Mechanical ringdown response of the carbon nanotube resonator.
Measured response of the rotated quadrature versus time. The gate voltage is fixed at VG = 0.4 V, and
the phase has been rotated to (φ = 0) such that ∆VX represents the amplitude. The blue solid curve
is obtained when the resonator is driven on-resonance (ωd = ω0 = 301.596 MHz). The green dotted
curve represents the signal obtained when the driving force is far off-resonance (ωd = 301.4 MHz). The
detuning is large enough such that the green dashed curve consists of only the electrical mixing signal.
The lock-in time constant is 900 ns.
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Supplementary Figure 8: Measurement of lock-in filter function. Black dashed line: Input
signal into the lock-in (before mixing with lock-in ref. frequency). Red line: output signal from the
lock-in. The lock-in filter function is equal to the derivative of the output signal (see Supplementary
Note 3). For this measurement, τL = 900 ns.
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Supplementary Figure 9: Simulated and measured voltage from the lock-in. The shown
signal corresponds to the response magnitude. a Simulated results. (using QS = 1410 and QR = 6140)
b Measured data set (QS = 1410, QR = 6140) (from which Fig.3 in the main text is extracted).
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the simulated data set as a function of QR This is the fitting result for the data set presented Fig.
4b of the main text. The spectral quality factor is QS = 1407, the fitted ringdown is found to be around
QR ∼ 6140.
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Supplementary Figure 11: Decoherence due to dephasing at three different gate voltages
VG, at T = 3.1 K. Left and right panels show the spectral and normalised time-domain response of the
resonator. The errorbars on QS and QR are ±100 and ±600 respectively (with 5% change in χ2).
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Supplementary Figure 12: Electronic and mechanical response of the CNT at T = 2 K. a
Colour-scale-plot of the measured differential conductance as a function of VG and VB measured across
two Coulomb peaks. b Measured change in rectification current (colour) as a function of gate voltage and
drive frequency at VB = -5 mV. The inset is a magnification of region A, taken by a second measurement.
Dashed lines and the values ∆fg1 = −3.6 MHz V−1, ∆fg2 = 4.2 MHz V−1 and ∆fg3 = 1.5 MHz V−1
indicate the slopes of the frequency change as a function of VG .
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Supplementary Note 1. Theory on ringdown of a mechanical
resonator
The CNT is modelled as a damped driven harmonic oscillator with an equation of motion[1]:
mu¨ = −kRu−mu˙ τ−1 + F (t) , (1)
where m is the mass of the CNT with a displacement u relative to the equilibrium position, a spring
constant kR = mω
2
0 , a decay time τ and a driving force F (t). By taking the Fourier transform, F[x(t)] =∫∞
−∞ x(t) exp(−iωdt)dt of the equation of motion (Eq. 1) and taking a harmonic driving force F (t) =
F0 cos(ωdt), the following transfer function is obtained:
HHO(ωd) = kR
u(ωd)
F (ωd)
=
ω20
ω20 − ω2d + iωdω0/QR
, (2)
where ωd = 2pifd and the quality factor is related to the decay time as QR = τω0 .
Driven response. In continuous driving with a driving force F (t) = F0 cos(ωdt) a steady state
solution for the equation of motion is:
u(t) = Xd cos(ωdt) + Yd sin(ωdt) , (3)
where Xd = A · cos(φ), Yd = −A · sin(φ), A = |HHO(ωd)| and φ = ∠HHO(ωd) is a phase angle of the
response function, which gives the relative phase between the nanotube motion and the driving force.
Supplementary Fig. 1 shows time and spectral responses of a linear resonator. In Supplementary Fig.
1a the resonator is driven at resonance frequency. The displacement u(t) lags behind the driving force
F (t) by a phase difference of −pi/2. This phase offset between drive and displacement of the resonator
depends on the drive frequency ωd. In the top panel of Supplementary Fig. 1b the phase lag of the
displacement with respect to the actuation frequency is plotted; the bottom panel shows the amplitude
response of the resonator. With changing drive frequency the phase φ changes from 0 to −pi across its
resonance position. At resonance the amplitude A has its maximum while the phase lags behind the
driving force by −pi/2.
Switching the drive off. In this section we will consider a harmonic oscillator that is driven by a
constant driving force F (t) = F0 cos(ωdt) for t ≤ 0, and undergoes free evolution with F = 0 for t > 0.
For t ≤ 0, u(t) is given by Eq. 3. For t > 0, using the equation of motion (Eq. 1) with F = 0 and
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assuming Q > 1, u(t) is given by the following equation;
u(t) = [X0 cos(ω0t) + Y0 sin(ω0t)] e
− t2τ . (4)
The constants X0 and Y0 are determined by matching the position u and velocity u˙ of the two solutions
at t = 0, giving X0 = Xd and Y0 = Yd
ωd
ω0
. Supplementary Fig. 2 shows the displacement evolution u(t)
of a linear resonator with time. The resonator is driven with a resonant driving force in (Supplementary
Fig. 2a) and then switched off at t = 0. It is interesting to note that for t > 0 the displacement of
the resonator u(t) oscillates at its natural frequency ω0 independent of the initial driving frequency ωd.
Supplementary Fig. 2 shows the ringdown a resonator driven driven at ωd = ω0 for t ≤ 0. In this
example, the decay time τ = 10/ω0 and Q = τω0 = 10. For t ≤ 0, u(t) oscillates with constant amplitude
and for t > 0 the amplitude of the oscillations decays with a time constant τ = Q/ω0. To summarise, the
equations describing the mechanical motion of the resonator at any given drive frequency can be written
as:
u(t) =

t ≤ 0, X(t) cos(ωdt) + Y (t) sin(ωdt)
t > 0, X(t) cos(ω0t) + Y (t) sin(ω0t),
(5)
where X(t) and Y (t) are given by:
X(t) =

t ≤ 0, Xd,
t > 0, Xd · e− t2τ ,
Y (t) =

t ≤ 0, Yd
t > 0, Yd
ωd
ω0
· e− t2τ .
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Supplementary Note 2. Electrical transduction of the mechanical
response from the carbon nanotube resonator.
To measure the mechanical response of the carbon nanotube, we use a variant of a two source mixing
technique. We apply two RF signals with frequencies ωd and ωp to the gate electrode. The signal at ωd
is used to drive the mechanical resonator and the signal at ωp is used to probe the mechanical response.
The signal ωp is detuned from ωd by an amount ωref = ωp − ωd. We have chosen ωref ∼ 2pi × 7 MHz,
which is much larger than the mechanical line width. Therefore the CNT will not be driven by the probe
signal at ωp. We will now consider the transduction of the mechanical motion, given by eq. 5, into a
signal that is detected in the experiment. The total electrostatic voltage δV eG is given by:
δV eG =

t ≤ 0, V ac,dG cos(ωdt) + V ac,pG cos(ωpt)
t > 0, V ac,pG cos(ωpt)
(6)
where V ac,dG and V
ac,p
G are the amplitude of the drive and probe signals, respectively. The effect of the
mechanical motion can be captured by considering an effective oscillating gate voltage given by:
δV mG =
VG
CG
dCG
du
· u(t), (7)
where CG is the capacitance between CNT and the local gate. It is important to note that δV
m
G has a
frequency of ωd for t ≤ 0, and ω0 for t > 0. To analyse the electrical signals generated by the carbon
nanotube we can treat it as an electrical mixing experiment which now includes an oscillating gate voltage:
δVG = δV
e
G + δV
m
G . (8)
The displacement of the CNT is represented by u(t). When we assume that the CNT is a linear resonator,
the displacement u(t) is given by Eq. 5.
Now, we will consider the generic case when the current through the nanotube is an arbitrary function
of the gate voltage I = I(VG). By doing a Taylor expansion of the current through the CNT with gate
voltage up to the second order, we get:
I(δVG) = I0 +
dI
dVG
δVG +
1
2
d2I
dV 2G
(δVG)
2
, (9)
where I0 is the dc current. We now need to consider what will be measured by the lock-in amplifier. The
lock-in measures only components of the signal that are within the lock-in measurement bandwidth ( 1τL )
around the reference frequency (ωref ), as illustrated in Supplementary Fig. 3. The lock-in is not sensitive
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to DC currents, therefore we can neglect the first term. Also, since ω0, ωd, ωp >> ωref = ωp − ωd, the
second term in equation 9 will not give any signal, that will be detected in the experiment. The third
term includes products of cosines and sines and therefore can introduce mixed down signals detected by
the lock-in. By substituting Eq. 8 into the third term, we get:
∆I =
1
2
d2I
dV 2G
[
(∆V eG)
2 + 2δV mG δV
e
G + (δV
m
G )
2
]
(10)
Two contributions give a signal near ωref : the first is from the term (δV
e
G)
2, which will give an electrical
background from the electrical mixing of the probe and drive voltages. The second term 2δV mG δV
e
G gives
us an AC current near ωref . The third term (δV
m
G )
2 will not contribute to the lock-in signal as it only
contains DC and ∼ 2ω0 frequencies. (This is the term is used in previous DC rectification experiments.[2])
Thus, the total current that contributes to the signal detected by the lock-in is given by:
∆IL =
1
2
d2I
dV 2G

t ≤ 0, (∆V eG)2 + 2δV mG δV eG
t > 0, 2δV mG δV
e
G.
(11)
Quadrature signal during ringdown. We start by considering a signal without any electrical
background (∆V eG)
2, which is not present when the resonator is ringing down. For t > 0, ∆IL = ∆I
mech
L
which is the signal measured by the lock-in, generated by the mechanical motion of the carbon nanotube:
∆ImechL =
d2I
dV 2G
δV mG δV
e
G (12)
δV eG = V
ac,p
G cos(ωpt) (13)
δV mG = α · u(t) (14)
α =
VG
CG
dCG
du
, (15)
where α is a factor which translates the displacement of the carbon nanotube into a voltage. The input
signal at the lock-in becomes:
∆ImechL =
d2I
dV 2G
α [X(t) cos(ω0t) + Y (t) sin(ω0t)] · V ac,pG cos(ωpt). (16)
This signal is then filtered by the low pass filter before it enters the lock-in. Retaining only the low
frequency components (∆ω = ωp − ω0), Eq. 16 becomes:
∆ImechL =
1
2
d2I
dV 2G
V ac,pG α [X(t) cos(∆ωt) + Y (t) sin(∆ωt)] (17)
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This signal is at frequency ∆ω and is read out at the lock-in with respect to the reference signal
ωref = ωp − ωd.
The two outputs of the lock-in quadratures for a time t > 0 with ωref −∆ω = ω0 − ωd = ωbeat are
the following:
XmechL =
1
2
d2I
dV 2G
V ac,pG α [X(t) cos (ωbeatt) + Y (t) sin (ωbeatt)] (18)
Y mechL =
1
2
d2I
dV 2G
V ac,pG α [X(t) sin (ωbeatt) + Y (t) cos (ωbeatt)] . (19)
When driven on resonance (ωd = ω0, ωbeat = 0), cos(ωbeatt) = 1 and sin(ωbeat) = 0. The quadrature
outputs of the lock-in represent the time-dependent amplitudes X(t) and Y (t).
For t > 0, the driving signal is switched off. Now ωd is not necessarily equal to ω0. In this case the
quadrature outputs from the lock-in are:
XmechLr =
1
2
d2I
dV 2G
V ac,pG α
[
Xd cos (ωbeatt) + Yd
ωd
ω0
sin (ωbeatt)
]
e−
t
2τ (20)
Y mechLr =
1
2
d2I
dV 2G
V ac,pG α
[
Xd sin (ωbeatt) + Yd
ωd
ω0
cos (ωbeatt)
]
e−
t
2τ . (21)
Quadrature signals when drive is on. For t ≤ 0, the resonator is driven. The frequency of the
motion is the same as the drive frequency ω0 = ωd. The lock-in quadratures (without any electrical
mixing (∆V eG)
2), then simplify to:
XmechLd =
1
2
d2I
dV 2G
V ac,pG αXd (22)
Y mechLd =
1
2
d2I
dV 2G
V ac,pG αYd. (23)
In addition to the mechanical mixing signals, there is also an electrical mixing signal present when the
resonator is driven. This gives rise to a constant voltage offset, XelecL and Y
elec
L , which are independent
of time and drive frequency (aside from small overall slopes from weak frequency dependent transmission
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of the RF cables in the setup):
∆IelecL =
1
2
d2I
dV 2G
V ac,pG V
ac,d
G cos(ωref t) (24)
XelecL =
1
2
d2I
dV 2G
V ac,pG V
ac,d
G (25)
Y elecL =
1
2
d2I
dV 2G
V ac,pG V
ac,d
G (26)
Combining Eqs. 22 - 26 we obtain:
XL =

t ≤ 0, XmechLd +XelecL
t > 0, XmechLr
(27)
YL =

t ≤ 0, Y mechLd + Y elecL
t > 0, Y mechLr
. (28)
The output of the lock-in amplifier is thus:
XL =

t ≤ 0, β ·Xd +XelecL
t > 0, β ·
[
Xd cos (ωbeatt) + Yd
ωd
ω0
sin (ωbeatt)
]
e−
t
2τ
(29)
YL =

t ≤ 0, β · Yd + Y elecL
t > 0, β ·
[
Xd sin (ωbeatt) + Yd
ωd
ω0
cos (ωbeatt)
]
e−
t
2τ
(30)
β =
1
2
d2I
dV 2G
V ac,pG α (31)
Supplementary Fig. 4a illustrates the two recorded quadratures of the lock-in amplifier while driven
on resonance. XelecL and Y
elec
L describe the electrical mixing of the probe and drive signal at the CNT.
This is an electrical background signal which is independent of the motion of the CNT, indicated by the
red arrow in Supplementary Fig. 4a. XmechL and Y
mech
L describe the mixing of the mechanical motion
with the probe signal. The amplitude of the signal is proportional to (|HHO(ω)|), which is frequency-
dependent and has a maximum on resonance (ω = ω0). As soon as the drive signal is switched off, X
elec
L
and Y elecL decay over time with the lock-in time constant τL. If the lock-in time constant is smaller
than the mechanical time constant τL < τ the mechanical signal remains such that X
mech
L and Y
mech
L is
detected. From Eq. 4, we see that the amplitude of this signal decays with e−
t
2τ in time.
Supplementary Fig. 4b is a smaller version of (Supplementary Fig. 4a) for (t ≤ 0), shows four dif-
ferent stages in time. At a time t = 0 the drive is switched off; both the electrical (red arrow) and the
mechanical signal (blue arrow) are present. The black dotted lines indicate the angle of the vectors. As
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time progresses 0 < t < τL, the electrical signal (red) decays at a much faster rate than the mechanical
signal (blue). From now on the mechanical ringdown of the CNT is recorded by the quadratures of the
lock-in. At a time t >> 10τ , the mechanical signal settles. Finally, both arrows, for the mechanical
and the electrical components are inverted. This inversion is due to residual driving after the driving is
switched off.
Residual driving when the switch is off. When switching the drive signal off, we note that
there is a small residual AC voltage on the gate and it appears to be 180o phase shifted. We attribute
this to insufficient AC grounding in the setup, resulting in a common-mode signal. As illustrated in
Supplementary Fig. 5, this results in a residual driving, giving rise to a constant offset in time. This
artefact does not affect the transient response from which we extract the ringdown quality factors, since
the displacement u(t) is a linear combination of both effects. The motion of the resonator for t > 0
becomes:
u(t) = (X0 cos(ω0t) + Y0 sin(ω0t))e
− t2τ − C(Xd cos(ωt) + Yd sin(ωt)), (32)
where C is a constant.
Spectral measurements We first turn to the driven motion in the frequency domain. In Supple-
mentary Fig. 6 we plot the X and Y quadratures detected by the lock-in as a function of drive frequency
f . The gate voltage is fixed at 0.4 V. The plot is obtained by slowly stepping the drive (and probe) signal
across the mechanical resonance of the CNT, while recording the X and Y quadratures of the lock-in
output signal. The data can be fitted to the following equation:
fsp(ω) = a|HHO(ω)|eiφm + (b+ cω)eiθ , (33)
where φm and θ are the phase from the mechanical response and the electrical background signals respec-
tively. The real and imaginary parts of fsp(ω) are fitted to the X and Y quadratures respectively, where
a,b and c are free parameters. The spectral quality factor, resonance position and phase are obtained
from this fit.
Phase rotation of the data. In the analysis of the data, it is important that the phase offset
between the reference and the input signal is taken into account. This can be done by introducing a
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rotation matrix:
X1 = X cos(φ)− Y sin(φ) ,
Y 1 = X sin(φ) + Y cos(φ) , (34)
where X1 and Y1 are the rotated quadratures and φ is the phase by which the two recorded X and Y
quadratures are rotated. In Supplementary Fig. 6 the rotated quadratures are shown for four different
phase offsets. The phase is rotated from φ = −pi to φ = pi/2. When φ = 0 the response is similar to the
one of Supplementary Fig. 1c (X), which represents the linear response of a mechanical resonator. The
corresponding Y quadrature φ = −pi/2, looks similar to (Y ) in Supplementary Fig. 1c. This quadrature
represents the amplitude of the carbon nanotube motion. For all measurements we have performed this
rotation to correct the phase offset between the reference and the input signals. After rotation of the X
and Y quadratures, the electrical background offset signal can be subtracted. The convenience of working
with quadratures is that one can rotate the phase so that one of the quadratures represents the amplitude
of the mechanical resonance, and can be fitted to extract the quality factor (as long as the mechanical
resonator is driven in the linear-response regimes, before the onset of Duffing non-linearities).
From the two curves which are rotated to φ = 0 and φ = −pi/2 (Supplementary Fig. 6) we can
determine the resonance frequency and quality factor by fitting the response to fsp(ω). In Supplemen-
tary Fig. 6, the fit is shown as a red dashed line on top of the data. We find a resonance frequency
fres = 301.596 MHz and a spectral Q-factor of the resonator QS = 6192.
Estimation of the motional amplitude for the measurement shown in Fig 4 in the main
text: The amplitude of the mechanical resonator can be estimated from the ratio of the peak voltage at
resonance with the background electrical mixing voltage (eq. 13, 14), given by:
u =
V m
V bg
V acG
VG
· h0 · ln(2h0/r) (35)
where h0 = 285 nm, is the distance between the CNT and the back-gate, r = 1 − 3 nm the radius of a
single-walled CNT, V m is the peak voltage at resonance and V bg is the background voltage. Using the
experimental parameters used for the measurements shown in Fig. 4 of the main text together with the
ratio of the observed electrical and mechanical mixing signal amplitudes, we estimate an amplitude (peak
to peak) of 0.14 nm for a and 0.7 nm for b.
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Supplementary Note 3. Ringdown measurements and modelling
the mechanical ringdown response.
To obtain the ringdown response, the following procedure was used: repeated pulses are applied to the
switch (see circuit Fig. 1 of the main text) to turn the drive signal on and off using an RF switch.
At the same time the quadratures from the lock-in amplifier are measured by an oscilloscope. The
oscilloscope is triggered by the same pulse which drives the switch. We also average the measured
quadrature components typically 10000 times, to improve the signal to noise ratio.
Supplementary Fig. 7 shows the result for the rotated X quadrature for two cases: the green dashed
curve shows the response for which the resonator was driven off-resonance (f = 301.4 MHz), whereas the
solid blue curve shows the response for which the resonator was actuated on-resonance (f = 301.596 MHz).
Both curves have been offset in the y-direction such that they approach zero with time. The off-resonance
curve f = 301.4 MHz shows the lock-in related ringdown of the electrical background, independent of
the mechanical resonance.
Modelling the mechanical ringdown response. To obtain an accurate ringdown QR factor, we
fit the measured ringdown response to a modelled ringdown response. Electrical offsets can be quantified
and subtracted from the rotated lock-in quadrature, prior to fitting. In the modelled ringdown response,
we include the effects of dephasing, as fluctuations in the resonance frequency (ω0) with time. We as-
sume that these fluctuations occur on a time-scale slower than the the mechanical response time of the
resonator (2piQRω0 ), but faster that the total averaging time of the measurement (typically 5 seconds).
Additionally, as the measured ringdown response is convoluted by the filter response function of the
lock-in, we convolve the simulated data with the lock-in filter response function. The lock-in response
function is acquired by sending in a step-function signal into the lock-in, and its output is recorded by
an oscilloscope. The lock-in filter function is equal to the derivative of the measured output signal shown
in Supplementary Fig. 8. Convolving the modelled data with the lock-in filter function allows us to fit
the simulated data to the measured data in order to independently extract the ringdown time.
Modelling of quadrature data. We consider the signals for the X and Y quadrature components
from the lock-in, originating from the mechanical response of the resonator without any noise and before
getting averaged by the oscilloscope. For now, we ignore effects due to the lock-in time constant. For a
driven response, the real and imaginary component of Eq. 2 are proportional to the X and Y quadrature
magnitudes (which are measured by the oscilloscope).
From the measured data, we can fit the spectral QS and resonance frequency of the resonator using
Eq. 33. By inserting the fitted results for the spectral QS and resonance frequency ω0 into Eq. 36, we
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can calculate the real (Xd(ωd)) an imaginary (Yd(ωd)) results as a function of drive frequency. These
results for Xd(ωd) and Yd(ωd) are proportional to these X and Y quadratures, for times when the driving
is activated:
HHO(ω) = kR
u(ω)
F (ω)
=
ω20
ω20 − ω2 + iωω0/Q
(36)
XmechLd ∝ Xd(ωd) (37)
Y mechLd ∝ Yd(ωd) (38)
For t > 0, when driving is switched off, two important effects happen to the mechanical signal. First,
the amplitude decays with time given by the ringdown QR factor. Second, for off resonance driving
frequencies, the resonators frequency will be ω0 rather than ωd, which results in an oscillation of the X
and Y quadrature signals. By using the same method as before (Supplementary Note 1.), together with
Eqs. 29 and 30 we get:
XmechLr ∝
(
Xd(ωd) cos(ωbeatt) + Yd(ωd)
ω
ω0
sin(ωbeatt)
)
e
−ωt
2QR (39)
Y mechLr ∝
(
Xd(ωd) sin(ωbeatt) + Yd(ωd)
ω
ω0
cos(ωbeatt)
)
e
−ωt
2QR (40)
, where e
−ωt
2QR = e−
t
2τ . By using these four equations, we can obtain a numerical result of an amplitude
which is proportional to the X and Y quadrature output of the lock-in (assuming the lock-in time-
constant is equal to zero).
Modelling of dephasing and averaged quadrature data. From the spectral fit of the measured
data, we obtain the resonance frequency and spectral QS factor. Using this resonance frequency and a
given ringdown QR factor, we can calculate a quadrature response as a function of drive frequency and
time. Without added dephasing the spectral QS factor is equal to QR factor. We assume that the spectral
decay rate Q−1S can be written as the sum of the intrinsic dissipation rate Q
−1
R and a dephasing rate Q
−1
D
i.e. Q−1S = Q
−1
R +Q
−1
D . Dephasing is added by convolving this map with an amplitude distribution along
the frequency axis which corresponds to a QD factor, is given by:
QD =
1
Q−1S −Q−1R
, (41)
The result is a response map whose spectral QS matches that of the measured data and QR is a free
variable. The measured ringdown data is convolved by the lock-in filter function. Once the response map
is also convolved with the lock-in response filter function QR can be fitted for.
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Extracting and convolving with the lock-in response filter function. To complete the simu-
lated data set we add the effects due to the lock-in time constant. The time constant defines the shape
of the filter function of the lock-in in the time domain. To obtain the filter function, we generate a step
function signal which is mixed by a reference signal from the lock-in amplifier. This signal is then fed
into the input of the lock-in and the two quadratures X and Y from the lock-in output are recorded
by the oscilloscope, alongside the step function (Supplementary Fig. 8). By taking the derivative of
the output step function recorded by the oscilloscope, we obtain a lock-in filter function. To verify that
this filter function is correct, we convolve the recorded step function and see if the shape of the signal
matches that of the measured signal. Once the filter function is obtained, we convolve it with the simu-
lated data set along the time axis. Supplementary Fig. 9 shows such the simulated and measured dataset.
Fitting QR using the modelled data. To fit the ringdown QR factor, the previous steps have
been repeated for different ringdown quality factors, while comparing the time domain at the resonance
positions. By minimising the mean square deviation (χ2) between the measured and the simulated data
set, we can fit for QR. Supplementary Fig. 10 shows such a plot, which was recorded to obtain a rough
estimate in fitting error. A python code performing this, is available on Github here:
https://github.com/benschneider/dephasing_ringdown_sim
Gate dependent measurements. Supplementary Fig. 12 shows the electronic and mechanical DC
response of the region.
Supplementary Methods
Fabrication starts with the sputtering of 50 nm tungsten onto the whole substrate. To create the local
gates, this layer is etched using an SF6/He plasma, using a 300 nm thick NEB-22 resist mask. The local
gates are then covered under a 200 nm plasma enhanced chemical vapour deposited silicon dioxide layer.
Subsequently, 70 nm of an 60-40 molybdenum rhenium alloy is deposited by sputtering. Source and
drain electrodes are defined by applying a PMMA/W/S1813 resist mask and subsequently etching with
an SF6/He, then O2 and finally an SF6/He plasma. Catalyst islands are then patterned on the substrate
and nanotubes are grown using a CVD method at 900◦C [3].
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